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(RT) inhibitor with a 3'-OH.

Conclusion: EFdA blocks RT by multiple mechanisms.

\_

(Background: 4'-Ethynyl-2-fluoro-2'-deoxyadenosine (EFdA) is a highly potent nucleoside analog reverse transcriptase

Results: EFdA inhibits RT as an immediate or delayed chain terminator depending on the DNA substrate sequence. RT
efficiently misincorporates EFdA, producing non-extendable mismatched primers protected from excision.

Significance: Understanding the EFdA inhibition mechanism will help develop better antivirals.
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4'-Ethynyl-2-fluoro-2'-deoxyadenosine (EFdA) is a nucleo-
side analog that, unlike approved anti-human immunodefi-
ciency virus type 1 (HIV-1) nucleoside reverse transcriptase
inhibitors, has a 3'-OH and exhibits remarkable potency against
wild-type and drug-resistant HIVs. EFdA triphosphate (EFdA-
TP) is unique among nucleoside reverse transcriptase inhibitors
because it inhibits HIV-1 reverse transcriptase (RT) with multi-
ple mechanisms. (z) EFAA-TP can block RT as a translocation-
defective RT inhibitor that dramatically slows DNA synthesis,
acting as a de facto immediate chain terminator. Although non-
translocated EFdA-MP-terminated primers can be unblocked,
they can be efficiently converted back to the EFdA-MP-termi-
nated form. (b) EFAA-TP can function as a delayed chain termi-
nator, allowing incorporation of an additional ANTP before
blocking DNA synthesis. In such cases, EFdA-MP-terminated
primers are protected from excision. (¢) EFAA-MP can be effi-
ciently misincorporated by RT, leading to mismatched primers
that are extremely hard to extend and are also protected from
excision. The context of template sequence defines the relative
contribution of each mechanism and affects the affinity of
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EFdA-MP for potential incorporation sites, explaining in part
the lack of antagonism between EFdA and tenofovir. Changes in
the type of nucleotide before EFAA-MP incorporation can alter
its mechanism of inhibition from delayed chain terminator to
immediate chain terminator. The versatility of EFdA in inhibit-
ing HIV replication by multiple mechanisms may explain why
resistance to EFdA is more difficult to emerge.

The enzyme reverse transcriptase (RT) of human immuno-
deficiency virus type 1 (HIV-1)* has been the major target of
antiretrovirals that belong to two general classes referred to as
nucleoside RT inhibitors (NRTIs) and non-nucleoside RT
inhibitors. Currently there are eight approved NRTIs for the
treatment of HIV infection, and these are almost always com-
ponents of first line therapies (1-8). Once phosphorylated,
NRTTItriphosphates compete with the natural ANTPs for incor-
poration into the viral nascent DNA chain, and because they
lack a 3'-OH, they inhibit further DNA polymerization by act-
ing as chain terminators. Despite the availability of potent anti-
virals, HIV can escape treatment by developing drug resistance
mutations. Thus, there is a need for potent drugs that block
wild-type and drug-resistant HIVs.

We have shown previously that nucleoside analogs that
retain the 3'-OH group and have a modification at the 4'-posi-
tion of the sugar ring can inhibit HIV-1 RT very efficiently (9).

“The abbreviations used are: HIV-1, human immunodeficiency virus type 1;
NRTI, nucleoside RT inhibitor; EFdA, 4’-ethynyl-2-fluoro-2’-deoxyadeno-
sine; TFV, tenofovir; MP, monophosphate; DP, diphosphate; TP, triphos-
phate; T/P, template/primer; ICT, immediate chain terminator; DCT,
delayed chain terminator; SPR, surface plasmon resonance; N-site, nucle-
otide-binding or pre-translocation site; P-site, primer-binding or post-
translocation site.
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We also reported that 4'-ethynyl-2-fluoro-2'-deoxyadenosine
(EFdA) is a deoxyadenosine analog with anti-HIV efficacy at
subnanomolar concentrations in primary cells, making it the
most potent NRTI described to date (10-13). Unlike all
approved anti-HIV NRTIs, EFdA possesses a 3'-OH, which
mimics the structure of normal dNTPs (see Fig. 1A4). It has been
demonstrated that this property provides enhanced phosphor-
ylation of the NRTIs by cellular kinases increasing their antivi-
ral efficacy (14). In addition, EFdA has 4’-ethynyl and 2-fluoro
substitutions, which also contribute to its extraordinary selec-
tivity index of about 200,000 as determined after initial antiviral
characterization of a series of 4'-substituted analogs (9, 11). We
have shown that EFdA is resistant to degradation by adenosine
deaminase, providing an enhanced half-life to the compound
compared with other NRTIs (11, 15). EFdA is very effective not
only against wild-type HIV but also against drug-resistant
strains and has displayed synergistic antiviral effects when
combined with other inhibitors such as the recently approved
second generation non-NRTTI rilpivirine (16). We have also
shown that EFdA is significantly better than tenofovir (TFV),
zidovudine, and emtricitabine in blocking simian immunodefi-
ciency virus replication in monkey peripheral blood mononu-
clear cells and that it was highly effective at treating simian
immunodeficiency virus infection and AIDS symptoms in sim-
ian immunodeficiency virus-infected macaques with advanced
AIDS with no apparent signs of toxicity (17).

Here we used a series of biochemical experiments and dem-
onstrated that EFdA triphosphate (EFAA-TP) blocks RT with
multiple mechanisms. Specifically, we found that, unlike
approved anti-HIV NRTIs, EFdA-TP can act as a de facto
immediate or delayed chain terminator in a manner that
depends on the sequence of the nucleic acid template. More-
over, EFdA monophosphate (EFdA-MP) is misincorporated by
RT, resulting in mismatched primers that are very difficult to
extend. Finally, the detailed analysis of the versatile mecha-
nisms of RT inhibition by EFdA provides novel insights into a
reduced resistance profile for EFdA because delayed termina-
tion seems to protect EFdA-MP-terminated primers from
excision.

EXPERIMENTAL PROCEDURES
Enzymes, Nucleic Acids, Nucleotides, and Nucleotide Analogs

HIV-1RT was expressed and purified as described previously
(10, 18 -23). RT was expressed in JM-109 cells (Invitrogen) and
purified by nickel affinity chromatography and Mono Q anion
exchange chromatography (24). Oligonucleotides used in this
study were chemically synthesized and purchased from Inte-
grated DNA Technologies (Coralville, IA). Sequences of the
DNA substrates are shown in Table 1. Deoxynucleotide
triphosphates and dideoxynucleotide triphosphates were pur-
chased from Fermentas (Glen Burnie, MD). Concentrations of
nucleotides were calculated spectrophotometrically on the
basis of absorption at 260 nm and their extinction coefficients.
All nucleotides were treated with inorganic pyrophosphatase
(Roche Diagnostics) as described previously (25) to remove
traces of PP, contamination that might interfere with the rescue
assay.
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Active Site Titration of HIV-1 RT

To determine polymerization-competent RT populations
used in this study, we first carried out active site titration assays
using pre-steady state experiments (26, 27). A fixed concentra-
tion of RT (50 nv; determined by absorbance measurements) in
RT buffer (50 mm NaCl and 50 mm Tris-HCI, pH 7.8) was incu-
bated with increasing concentrations of template/primer (T/P;
T 431/Pq1s Where T3, is the DNA template of 31 nucleotides in
length annealed to P, which is a DNA primer of 18 nucleo-
tides in length) followed by rapidly mixing with a solution con-
taining 5 mm MgCl, and 50 um dATP in the same RT buffer
using a rapid quench-flow instrument (RQF-3, KinTek Corp.,
Austin, TX) at 37°C for 0.005-1 s. The reactions were
quenched by the addition of 150 mM EDTA. The products were
resolved on 15% polyacrylamide and 7 M urea gels. In this and in
subsequent assays, the gels were scanned with a Typhoon FLA
9000 phosphorimaging system (GE Healthcare), and densitom-
etry analysis was performed using ImageQuant TL software
(GE Healthcare). The amounts of extended primer (P) were
plotted against time, and the data were fit to a biphasic equation
(Equation 1) using GraphPad Prism 4.0 (GraphPad Software
Inc., La Jolla, CA) (26),

P=A(1 — e ko) + kt (Eq. 1)
where A is the amplitude of the burst phase that represents the
E-DNA complex at the start of the reaction, & is the observed
burst rate constant for INTP incorporation, k corresponds to
the steady state rate constant, and ¢ is the reaction time. Next,
the active site concentration and T/P dissociation constant
(Kypnay) were determined by plotting the amplitude (A)
against T/P concentration. The data were fit by non-linear
regression to a quadratic equation,

A = 0.5((Kypna T [RT] + [DNA))

— 0.25(Kyonw + [RT] + [DNA])? — ([RTIIDNA])) (Eq.2)

where [RT] is the concentration of actively binding polymerase
molecules. Subsequent pre-steady state experiments were per-
formed using corrected active site concentrations.

Gel-based Drug Susceptibility Assays: Inhibition of HIV-1 RT-
catalyzed DNA Synthesis by EFAA-TP and ddATP

DNA template was annealed to 5'-Cy3-labeled DNA primer
at a 3:1 molar ratio. For these experiments, we used T 45,/Pg;¢
and T4,6/Py15,5 where Pyiq, 5 is an 18-mer DNA primer
shifted by five nucleotides relative to the Py, 4 primer. Through-
out most of our work, we carried out our analyses using two
types of primers (in this case, Py;gand P4, 5, 5) that allowed us to
interrogate two different template sites where RT incorporates
dAMP or EFdA-MP at different affinities and different translo-
cation efficiencies. To monitor primer extension, the DNA/
DNA hybrid (20 nm) was incubated at 37 °C with RT (20 nm) in
RT buffer. Varying amounts of EFAA-TP or ddATP were added,
and the reactions were initiated by the addition of 6 mm MgCl,
in a final volume of 20 ul. All ANTPs were present at a final
concentration of 10 uM. The reactions were terminated after 15
min by adding an equal volume of 100% formamide containing
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traces of bromophenol blue. The products were resolved on a
15% polyacrylamide and 7 M urea gel and analyzed as described
before (10, 22, 23).

Effect of Template Sequence on RT Inhibition by EFdA-TP

Various T/Ps (oligonucleotide sequences are shown in Table
1) were used to determine the effect of the DNA sequence on
the mechanism of inhibition by EFdA-TP. The experiments
were carried out as described above.

Surface Plasmon Resonance Assays

Surface plasmon resonance (SPR) was used to determine the
kinetic constants of nucleotide triphosphate or EFAA-TP bind-
ing to HIV-1 RT. To allow nucleotide binding to the reverse
transcriptase, the enzyme was covalently cross-linked to a dou-
ble-stranded DNA/DNA T/P as described before (24). Briefly, a
thiol-modified DNA primer at the N? position of a guanosine
residue (indicated by X in 5'-ACAGTCCCTGTTCGGXC-
GCG-3') was heat-annealed to a 5’-biotinylated DNA template
(5'-biotin-TAGATCAGTCATGCTCCGCGCCCGAACAGGG-
ACTGTQG) at a 3:1 T/P ratio (Table 1). The double-stranded
DNA was cross-linked to RT containing mutation Q258C by
incubating overnight at 30 °C in a mixture containing 25 mm
Tris, pH 7.8, 75 mm NaCl, 10 mm MgCl,, and 100 um ddGTP.
The incorporation of the dideoxynucleotide into the T/P
(DNA 44cmp) aligns the thiol-modified G with the cysteine 258
of RT and allows disulfide bond formation as we have previously
described (24). The covalent RT-DNA 4 gavp cOmplex was puri-
fied by tandem nickel affinity/ion exchange chromatography to
remove unreacted DNA and enzyme (28). The purified complex
was immobilized on a streptavidin sensor chip on a Biacore T100
system (GE Healthcare). RT-DNA i Was flowed over the
chip surface of channel 2 until ~8,000 response units were
immobilized through the very strong interactions of the bioti-
nylated RT-DNA  gvpe With the streptavidin sensor chip.
Channel 1 was left untouched and was later used as a control
surface. Increasing concentrations of dATP (1-1,000 nm) or
EFdA-TP (5-1,000 nm) were flowed in channels 1 and 2 in RT
buffer and 10 mm MgCl, for 2 min to allow nucleotide associa-
tion and dissociation. The signal observed in channel 1 (control
channel) was subtracted from the signal obtained from the RT-
DNA j4gmp channel 2. The ddGTP at the 3'-end of the DNA
primer prevents incorporation of the dATP or EFdA-TP and
allows estimation of their dissociation and association rates, the
ratio of which provides the K, equilibrium binding constant of
the binding of the incoming nucleotide triphosphate to the RT-
DNA  icmp complex. Optimal analysis of the binding signal
was performed using a two-state reaction protocol that
assumes a conformational change associated with substrate
binding in the Biacore T100 software to obtain measured
kinetic constants. Specifically, the overall equilibrium disso-
ciation constant K, for this type of two-state reaction proto-
col is defined by (k,,/k,;)"(k 5/ (ks + k,5)) where k,, is the
association rate constant for substrate binding, k,; is the
dissociation rate constant for substrate from the complex,
k,, is the forward rate constant for the conformational
change, and k,, is the reverse rate constant for the confor-
mational change.
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Pre-steady State Kinetics of dATP and EFdA-TP Incorporation

Pre-steady state kinetics analysis was performed using dATP
or EFdA-TP single nucleotide incorporation experiments cata-
lyzed by RT. The optimal rate of polymerization (k) was
determined using the rapid quench-flow method as described
before (19, 26, 27, 29). Specifically, a solution containing 50 nm
RT and 50 nM T g3, /P ;5 01 T 4o6/P 15+ 5 in RT buffer was rapidly
mixed with a solution of 5 mm MgCl, and 1-50 um dATP or
EFdA-TP for reaction times ranging between 0.005 and 2 s fol-
lowed by quenching with 150 mm EDTA. The reaction products
were resolved and quantified as described above. The observed
burst rates (k) at each dATP or EFdA-TP concentration were
determined by fitting the data to Equation 1 and solving the
equation by non-linear regression using GraphPad Prism 4.0.

To determine the optimal rates of dATP and EFdA-TP incor-
poration (k) and their binding to the enzyme-DNA complex
(K yaatp) OF Kygrpaa.Tr))s Observed burst rates (k,,s) were fit to
the following hyperbolic equation.

kobs = (Kool ANTP])/(Ky(anrey+ [ANTPI) (Eq.3)

All experiments were carried out independently at least two
times, and the standard deviations of the kinetic parameters are
reported in the respective tables.

Pre-steady State Kinetics of dATP and EFdA-TP
Misincorporation

We used pre-steady state kinetics to monitor the misincor-
poration of dAMP and EFdA-MP opposite an A template base
using the Tgs,,4)/Pais O Tysi6a)/Pais+s template/primer,
which has an A at the first template overhang position when
Pys Or Py .5 was used as the primer, respectively (DNA
sequences are shown in Table 1). We used both Py, and Py, 5
primers to interrogate potential differences in misincorpora-
tion efficiency at two template sites where substrates are incor-
porated at different efficiencies. Similarly, we monitored mis-
incorporation of dATP and EFdA-TP opposite G using
Tas106)/Pais OF Tys1(6c)/Pais+s and misincorporation oppo-
site a C using Tys;(1¢)/Pars OF Tasiecy/Pais+s- In these exper-
iments, a solution containing 30 nm RT and a 20 nm concen-
tration of the corresponding T/P in RT buffer was mixed
with a solution of 6 mm MgCl, and various concentrations of
dATP or EFdA-TP for the indicated reaction times followed
by quenching with an equal volume of formamide. The reac-
tion products were resolved and quantified as described
above. Further analysis was carried out as described for the
match pre-steady state kinetics experiments.

Site-specific Fe** Footprinting Assays

Site-specific Fe*>" footprints were monitored on 5'-Cy3-la-
beled DNA templates. 100 nm 5'-Cy3-T 4,5/Py3, or 5'-Cy3-
T q43/Pys0+ s Was incubated with 600 nm RT in a buffer contain-
ing 120 mm sodium cacodylate, pH 7.0, 20 mm NaCl, 6 mm
MgCl,,and 1 uM EFdA-TP or 5 um ddATP to allow quantitative
chain termination. Prior to treatment with Fe®", complexes
were preincubated for 7 min with increasing concentrations
of the next incoming nucleotide (dTTP). The complexes
were treated with ammonium iron sulfate (1 mm) as
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described previously (10, 30). This reaction relies on autox-
idation of Fe?* (31) to create a local concentration of
hydroxyl radicals that cleave the DNA at the nucleotide clos-
est to the Fe " specifically bound to the RNase H active site.
The two types of T/P systems carrying Py, s and Py, ¢ 5 prim-
ers allowed us to interrogate the translocation efficiencies in
different nucleic acid sequence contexts.

Extension of EFAA-MP-terminated Primers

Ta31/Pars-eraamp (chemically prepared T/P possessing
EFdA-MP at the 3"-end of the primer) and T 454/P 15+ 5. Eraa-mp
were prepared by incubating 1 um EFdA-TP, a 1 uMm concentra-
tion of the corresponding T/P, 1 um RT, and 6 mm MgCl, in RT
buffer. The reactions were carried out at 37 °C for 1 h. Simi-
larly, for the extension of the mismatched primers, T 43, sc)/
Piisiseraa-me  Tasiee/Paistseraame  and Taziea)/
Pi1s+5.erasa.mp Were prepared by incubating 20 um EFdA-TP, a
1 uM concentration of the corresponding T/P, 2 um RT, and 6
mwm MgCl, in RT buffer. The reactions were carried out at 37 °C
for 4 h. After incorporation of EFdA-MP, the various T/
Prraanp Substrates were purified using the QIAquick nucleotide
removal kit (Qiagen, Valencia, CA). Under these conditions, the
extension of T/P to T/Pppqanp Was complete. Purified T,/

PdlS»EFdA»MP’ Td26/Pd18+5~EFdA»MP’ Td31(6C)/Pd18+5»EFdA»MP’

Td31(6G)/ Pyis+5-Eraa-mp OF Td31(6A)/ Pyig+5eraame (5 M) was
incubated with 20 nm RT in RT buffer and 6 mm MgCl,. The first

incoming nucleotide was added at different concentrations (0—-50
M) in the presence of the other ANTPs (1 um). The reactions were
incubated at 37 °C for 5 and 30 min, and products were analyzed as
described above.

Pre-steady State Kinetics of dTTP Incorporation to T/Pgryp e

Pre-steady state kinetics analysis of dTTP incorporation to
T/Prpaaspe Was performed using Tu31/Pais eraame Ldze!
Pais+5-eraa-mpr OF Tanescy/Pais+556)-Eraa-mp- In these exper-
iments, a solution containing 30 nM RT and a 20 nM concentra-
tion of the corresponding T/P in RT buffer was mixed with a
solution of 6 mm MgCl, and various concentrations of dTTP for
30 s to 10 min followed by quenching with an equal volume of
formamide. The reaction products were resolved and quanti-
fied as described above. Further analysis was carried out as
described for the match pre-steady state kinetics experiments.

PP.- and ATP-dependent Excision and Rescue of T/Pgr 4 p1p

PP -dependent Excision of T/Per s np—T aze/Pais+5-eran-mp-arap
was prepared similarly to T 4,6/P 415+ 5.£raaaip- After EFAA-MP
incorporation, 100 um dTTP was added to the reaction and
incubated at 37 °C for an additional 1 h. The purification of the
terminated primer was performed as described before. 20 nm puri-
fied Tys1/Pars-eraamp OF Taze/Pars+s eraa-mp-armp Was incu-
bated at 37 °C with 60 nM RT in the presence of 150 uMm PP; in
RT buffer and 6 mm MgCl,. Aliquots of the reaction were
stopped at different times (0—30 min) and analyzed as
described above.

ATP-dependent Rescue of T/Prr, 4 pip—20 nM purified T 5,/
P18 eraamp Was incubated with 60 nm RT in the presence of
3.5mM ATP, 100 um dATP, 0.5 um dTTP, and 10 um ddGTP in
RT buffer and 10 mm MgCl,. Similarly, 20 nm purified T 4,4/
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P1s+5.Eraamp+armp Was incubated with 60 nm RT in the pres-
ence of 3.5 mm ATP, 100 um dTTP, and 10 um ddCTP in RT
buffer and 10 mm MgCl,. Reactions were arrested at various
time points (0—90 min) and analyzed as described above. Con-
trol reactions without dNTPs and ATP (no excision; no incor-
poration) or without ATP (no excision; incorporation) were
incubated for the maximum time (90 min).

PP;-dependent Excision of T/Prpa_pp in Which EFAA-MP Is
Incorporated as a Match or Mismatch—20 nm purified T 45, 6x/
Piisiseraamp (Where X = T, A, C, or G) was incubated at
37 °C with 60 nMm RT in the presence of 150 um PP; in RT
buffer and 6 mm MgCl,. Aliquots of the reaction were
stopped at different times (0—-20 min) and analyzed as
described above.

EFdA and Tenofovir Combination Studies: Inhibition of
HIV-1 RT-catalyzed DNA Synthesis and Stopping Patterns by
EFdA-TP and TFV-DP

We monitored primer extension using two T/P systems. (a)
A shorter T/P, T y3,;¢)/Pars (20 nM), was incubated at 37 °C
with RT (20 nm) in RT buffer. Varying amounts of EFdA-TP
(0-8 um) and tenofovir diphosphate (TFV-DP; 0-2 um) were
added, and the reactions were initiated by the addition of 6 mm
MgCl, in a final volume of 20 ul. All INTPs were present at a
final concentration of 1 um. The reactions were terminated
after 15 min by adding an equal volume of 100% formamide
containing traces of bromophenol blue. The products were
analyzed as described above. (b) Using a longer template, we
compared the stopping patterns of EFAA-TP and TEV-DP. Spe-
cifically, T 4;00/P 4180100y (50 nM) was incubated at 37 °C with RT
(20 nm) in RT buffer, 6 mm MgCl,, 1 um dNTPs, and 240 nm
EFdA-TP or 2 um TFV-DP. The reactions were terminated
after 15 min by adding an equal volume of 100% formamide
containing traces of bromophenol blue, and the products were
analyzed as described above.

RESULTS

EFdA-TP Inhibits RT with Multiple Mechanisms: EFAA-TP
Inhibits RT Primarily as an Effective Immediate or Delayed
Chain Terminator (ICT or DCT)—AIl NRTIs approved for the
treatment of HIV infection mimic the natural dNTPs, but
because they lack a 3'-OH group, once incorporated into the
nascent DNA they act as immediate (or obligate) chain termi-
nators. Primer extension assays show that despite having a
3’-OH EFdA-TP inhibits RT-catalyzed DNA synthesis mainly
at the point of incorporation as a de facto ICT, similar to other
ICTs such as ddATP (Fig. 1B; strong stops at positions of incor-
poration P1 and to a lesser extent at P10). For the sake of sim-
plicity, we use the term “immediate chain terminator” in lieu of
the more accurate “de facto immediate chain terminator” as
EFdA-TP causes a dramatic but not 100% complete suppres-
sion of primer extension (eventually some primer extension can
be observed at high dNTP concentrations).

However, our data show that EFAA-TP can also inhibit RT as
a DCT. Specifically, our primer extension assays revealed addi-
tional bands that do not correspond to positions where
EFdA-TP or other dATP analogs are expected to be incorpo-
rated. Hence, there are strong bands at positions P7 and to a
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FIGURE 1. EFdA-TP inhibits RT-catalyzed DNA synthesis as an ICT or DCT. A, structure of EFdA. B, DNA/DNA T43,/P4;5 (20 nm) was incubated with 20 nm RT
for 15 min in the presence of 10 um dNTPs, 6 mm MgCl,, and increasing concentrations of ddATP (lanes 1-4) or EFAA-TP (lanes 5-22). The sequence of the
template and the mechanism that EFdA-TP uses to inhibit RT are shown next to different bands of the gel. C, the translocation state of RT after ddAMP (lanes
1-6in both gels) or EFdA-MP (lanes 7-20 and 7-21) incorporation was determined using site-specific Fe** footprinting. Tyss/Py30 OF Tgas/Paso s (100 nm) with
5'-Cy3-label on the DNA templates was incubated with 600 nm RT and various concentrations of the next incoming nucleotide (dTTP). The complexes were
treated for 5 min with T mm ammonium iron sulfate. An excision at position —18 indicates a pre-translocation complex, whereas the one at position —17
represents a post-translocation complex. The sequences of the T/Ps that were used in the experiments are shown under the gels with underlined matched
sequences in primer extension and footprinting assays. D, representative reactions that highlight the sites on the template sequences where EFdA-TP acts as
an ICT or DCT. The numbers indicate the points (marked in red) of the dATP or dATP analog incorporation (P1, P6,and P10). In green color, we indicate the bases
after dATP or dATP analog incorporation (P7 and P11). £, similar to A, the effect of ddATP and EFdA-TP on primer extension was observed using the DNA/DNA

Taz1/Parg+s.

lesser extent at P11, suggesting that EFdA-TP can actasa DCT
primarily when incorporated at P6 and to a lesser extent at P10.
In these cases after RT incorporates EFAA-MP at the P6 and
P10 positions, it continues incorporating the next ANTP before
DNA synthesis is stalled. We confirmed these findings using an
oligonucleotide substrate with a shorter template but longer
primer sequence that allowed examination of EFdA-MP incor-
poration only at the P6 and P10 sites (T 454/Pg15.4 5 Fig. 1E).
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Hence, EFAA-TP acts exclusively as an ICT at P1 and mostly as
an ICT at P10, whereas it acts primarily as a DCT at P6 and to a
lesser extent at P10 (Fig. 1, B and E). Using hydroxyl radical
footprinting assays of RT bound to an EFdA-MP-terminated
T/P (T/Prpga_nmp) We demonstrated a correlation of ICT inhi-
bition (such as at P1 site) and a decreased translocation of RT
from the nucleotide-binding or pre-translocation site (N-site;
cleavage at —18) to the primer-binding or post-translocation
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TABLE 1

DNA oligonucleotide sequences used in this study

An example of the oligonucleotide abbreviation is as follows: T 43, 1)/ Py, ¢ template DNA of 31 nucleotides in length with a T in the second unpaired position after annealing
to the corresponding 18-mer DNA primer. The bases that vary in similar sequences are marked in red. Py, 5 is a primer that is annealed on a template five nucleotides
further than P, . In each group of templates, the varying base is indicated inside parentheses: T3, ) For the SPR experiments, a thiol-modified DNA primer containing
a disulfide on the N” of a guanosine residue is indicated by X in the sequence. Cy3 or biotin labels are indicated next to the sequences.

Polymerization assays

5’ TAG TGT GTG CCC GTC TGT TGT GTG ACT CTG GTA ACT AGA GAT CCC TCA

Ta100 GAC CCT TTT AGT CAE TET CGA ARA 'TCT CTA GCA GIC GCG CEC CGAR CAG
GGA C
Paiscoo) 5/GTC CCT GTT CGG GCG CCA
Tas1 [FTas1orasastia) 5 CCA TAG ATA GCA TTG GTG CTC GAA CAG TGA C
Pais 5/Cy3 GIC ACT GTT CGA GCA CCA
Tas1004) 5/CCA TAG ATA GCA TAG GTG CTC GAA CAG TGA C
Tas1000) 5/CCA TAG ATA GCA TCG GTG CTC GAA CAG TGA C
Tas106) 5/CCA TAG ATA GCA TGG GTG CTC GAA CAG TGA C
Paisom 5/Cy3 GIC ACT GTT CGA GCA CCT
Paisoc) 5/Cy3 GTC ACT GTT CGA GCA CCG
Paisoc) 57gy3 GTC ACT GTT CGHE GCA cee
P17 57Cy3 GTC ACT GTT CGA GCA CC
Tasier) 5/CCA TAG ATA GCT TTG GTG CTC GAA CAG TGA C
Tas120) 5/CCA TAG ATA GCC TTG GTG CTC GAA CAG TGA C
Tas16) 5/CCA TAG ATA GCG TTG GTG CTC GAA CAG TGA C
Tas1¢7m) 5/CCA TAG TTA GCG TTG GTG CTC GAA CAG TGA C
Td31(7C) 5"CCA TAG CTA GCG TTG GTG CTC GAA CAG TGA C
Tanee) 5"EEA TAG ETA GCG TT6G GIG TIC GAA CAG TGA C
Tasisty [FTas1csn] 57CCA TAG ATT GCA TTG GIG CTC GAA CAG TGA C
Tas1¢4csT) 5/CCA TAG ATT CCA TTG GTG CTC GAA CAG TGA C
Tas150) 5"¢@A TAC ATH G0N TTG ETC €TE GAR CAG TGL C
Tas156) 5/CCA TAG ATG GCA TTG GTG CTC GAA CAG TGA C
Tas1aa) 5/CCA TAG ATA GCA ATG GIG CTC GAA CAG TGA C
Tas100) 5/CCA TAG ATA GCA CTG GTG CTC GAA CAG TGA C
Td31(1(;) 5/"CCA TAG ATA GCA GTG GTG CTC GAA CAG TGA C
Tas16a) 5/CCA TAG AAA GCA GTG GTG CTC GAA CAG TGA C
Tas160) 5TECA TAG ADA GCA GTE BTG CIE GAL CAG TGA €
Ta316G) 5/CCA TAG AGA GCA GTG GTG CTC GAA CAG TGA C
Taze 5"CCA TAG ATA GCA TTG GTG CTC GAA CA
Paies 5/Cy3 TGT TCG AGC ACC AAT GCT
Tazs 50) 5/CCA TAG ATC GCA TTG GTG CTC GAA CA
Pais+s 56 5/Cy3 TGT TCG AGC ACC AAT GCG
Surface Plasmon
Resonance
Ta20 5"ACA GTC CCT GTT CGG XCG CG
Pys7 5’biotin TAG ATC AGT CATGCTCCGCGCCCGAACAGGGACTGTG
Footprinting assays
Ta4s 5’Cy3 CCA TAG ATA GCA TTG GTG CTC GAA CAG TGA CAA TCA GTG TAG A
Paso 5 TeT ACA CTG ATT GTC ACT GTT CCA GCA CCA
Pasoss 5/ACT GTT CGA GCA CCA ATG CT

site (P-site; cleavage at —17) (Fig. 1C). Therefore, when is translocated to the P-site (Fig. 1C). Collectively, these exper-
EFdA-TP inhibits RT as an ICT it acts as a translocation-defec-  iments show that EFdA-TP can actbothasanICT andasa DCT
tive RT inhibitor. In turn, footprinting assays at sites where depending on the template sequence and how it allows translo-
EFdA actsas a DCT (such as P6) demonstrated that T/Prrgamp  cation of RT on T/Prpga_mp (Figs. 1, 8, and 9).
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FIGURE 2. Effect of template sequence on mechanism of inhibition by EFdA-TP. Primer extension assays were performed by incubating various DNA/DNA
T/Ps with 20 nm RT for 15 min in the presence of 10 um dNTPs, 6 mm MgCl,, and increasing concentrations of EFAA-TP. The sequence of the template is shown
next to the gels. Twenty templates with A, T, C, or Gat the PO, P2, P5, and P7 positions were used. The nucleotides that vary are shown in blue color and indicated
with an asterisk next to the gel bands. In red color, we highlight the T positions where EFdA-TP is expected to be incorporated. Immediate and delayed chain
terminations are shown in red and green boxes, respectively. Blue color and asterisks highlight the positions of the nucleotides that vary among different gels.

The Mechanism of RT Inhibition by EFdA-TP Is Se-
quence-dependent—To further explore the effect of the T/P
sequence on the EFdA-TP inhibition mechanism, we used a
series of oligonucleotides that vary at positions upstream or
downstream from the sites of EFAA-MP incorporation (Table
1). As a control we used ddATP, which always acts as a canon-
ical ICT (data not shown).

With regard to the effect of changes before the site of
EFdA-MP incorporation, remarkably we found that a single
change in the template sequence can change the inhibition
mechanism: the presence of C at a template position prior to
the P6 site leads to exclusive ICT (Fig. 24, T 43,5¢)/Pars)- In
contrast, the presence of A, G, or T at the same template posi-
tion leads primarily to DCT (Fig. 24 and Table 2; T3, 5)/Pays,
Tas1656)/Parer and Tysi51)/Parg), although the presence of
bands at the sites of EFdA incorporation (P6, P6, and P5,
respectively) suggested an additional but less pronounced ICT
mode of inhibition as well (none of these stopping patterns
were observed in the absence of EFAA-TP).

SASBMB

AUGUST 29, 2014 +VOLUME 289+NUMBER 35

Introducing a C before the incorporation site of EFAA-MP
does not appear to always result in strong ICT. When we
changed the P4 site of T3, 4Gs1)/Pais t0 @ C (Tys;acsty/Pars)s
we still observed a primarily DCT mode of inhibition (Fig. 2B),
suggesting that sequences before and after the EFAA-MP incor-
poration site contribute to the preferred mechanism of
inhibition.

EFdA-TP acted as an ICT at the P1 site regardless of the type
of preceding nucleotide (Fig. 24, gels in second column). To
determine whether this strong preference is due to the
upstream (PO) position being provided to the enzyme already in
double-stranded DNA form (last primer nucleotide), we
repeated the experiments using a shorter primer that stopped
one position before the EFdA-MP incorporation site. The data
shown in Fig. 24, column 1, show that there was still ICT inhi-
bition in all cases, whereas only in the case of T3, 1)/Py17 Was
there an apparent mixture of ICT and DCT.

We also tested the effect of template sequence at one position
after the P6 or P1 site of EFAA-MP incorporation (P7 and P2
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sites in Fig. 24, columns 4 and 3, respectively). We generally
found no significant changes in the type of inhibition mecha-
nism with the exception of T3, o1)/P414 which was now inhib-
ited by both ICT and DCT instead of only ICT. Collectively,
these results indicate that the mechanism of inhibition by EFdA
can be influenced by the template sequence before and after the
site of incorporation.

TABLE 2
Effect of template sequence on mechanism of action of EFdA-TP

The mechanism of inhibition by EFAA-TP was determined by the results in Fig. 2.
Changes in the template sequences are indicated in bold.

T/P

Effect of template sequence before
EFdA-MP incorporation

Mechanism of action

Tas1(0/Parz P2: ICT

Tas1¢p P1: ICT; P2: DCT/ICT
Td31(0c)/Pd17 P2: ICT

Td31(0G) P2: ICT

Tas1( PL: ICT

Tazim P1: ICT

T PLICT

d31(og) :

Td31(gi)/Pd18 P6: ICT; P7: DCT
Tas1p/Pars P5: ICT; P6: DCT/ICT
Td31<4c5}) d18 P5: ICT; P6: DCT/ICT
Td31(5c) Pyg P6: ICT

T P6: ICT; P7: DCT

d31(56)
Effect of template sequence after
EFdA-MP incorporation

Tas1(,0/Pars P1: ICT
Tas1p/Pars P1: ICT; P2: DCT/ICT
Td31(2C) P1: ICT
%BIQG)/PC“S b6 1CT; D7: DCT
d31(74) 2 H B
Tdm(:ﬁ, P6: ICT; P7: DCT/ICT
Tyan )/Pdls P6: ICT; P7: DCT
7C.

Tas100/Pa P6: ICT; P7: DCT

10

8

Response units (RU)
N

EFdA-TP Binds RT Tighter than the Natural Substrate
dATP—Because EFdA-TP inhibits RT very efficiently, we
wanted to examine and compare the binding affinity of the
inhibitor and dATP with the enzyme. Therefore, we used SPR
to determine the dissociation constant K, for EFdA-TP and
dATP. A two-state reaction protocol that assumes a 1:1 binding
of substrate (EFdA-TP or dATP) to an immobilized ligand (RT)
followed by a conformational change (“closing” of fingers sub-
domain) to form a stable complex (32—36) was used to analyze
the SPR data. It is also assumed that a substrate in a complex
that has undergone a conformational change can only dissoci-
ate if the conformational change is first reversed. This analysis
generated the following kinetic values: k,;, the association rate
constant for substrate binding; k,;, the dissociation rate con-
stant for substrate from the complex; k,,, the forward rate
constant for the conformational change; k;,, the reverse rate con-
stant for the conformational change; and K, the overall equilib-
rium dissociation constant, which for this type of two-state reac-
tion protocol is defined by (k;,/k,,1)*(K;»/(k 4, + Kk,5)). Fig. 3 shows
that, using the T 4,,/P 437, the K, for dATP is about 10 times higher
than that of EFAA-TP. Hence, RT can bind EFdA-TP considerably
more tightly than the natural substrate. This difference in the K, of
dATP and EFdA-TP is mostly due to an increased association rate
for substrate binding (k,,) and increased forward rate constant for
the conformational change (k,) in the case of EFAA-TP (Fig. 3).

RT Incorporates EFAA-TP Very Efficiently by Stalling Full
Extension of the Terminated Primer—To further understand
the biochemical basis of the strong RT inhibition by EFAA-TP,
we compared the incorporation efficiency of EFAA-TP with
that of the natural substrate dATP under pre-steady state con-

2

0

-2

-200 300 800 1300 1800

Time (sec)
Nucleotide Ky.ante /NM kay | M-1s1 kgy 1§71 Kap | s71 Kgp /| 71
EFdA-TP 18.6 (1) 94.7-10% (1) 0.026 (1) 0.010 (1) 0.0224 (1)
dATP 192.8 (10.4)  3.8-104(0.04) 0.020 (0.8) 0.001(0.1) 0.0006 (0.03)

FIGURE 3. SPR to determine the kinetic constants of EFAA-TP and dATP binding to HIV-1 RT. Nucleotide binding was performed by using RT covalently
cross-linked to Ty5,/P 4,0, Which has a 5'-biotinylated DNA template and a ddGMP incorporated at the primer. The RT-DNA j4mp cOmplex was immobilized on
a streptavidin sensor chip, and increasing concentrations of dATP or EFdA-TP were flowed to allow nucleotide association and dissociation. A two-state
reaction protocol was used to analyze the SPR data, which assume a 1:1 binding of substrate (EFdA-TP or dATP) to an immobilized ligand (RT) followed by a
conformational change (closing of fingers subdomain) to form a stable complex. The graph shows the association and dissociation of EFdA-TP over time. This
analysis generated the following kinetic values: k,,, the association rate constant for substrate binding; k,;, the dissociation rate constant for substrate from the
complex; k,,, the forward rate constant for the conformational change; k., the reverse rate constant for the conformational change; and K, the overall
equilibrium dissociation constant, which for this type of two-state reaction protocol is defined by K, = (k;/kq)(ky»/(kg, + k,5)). The -fold change of the various
constants is shown in parentheses.
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Values are determined from three independent experiments. Positions where EFdA-TP acts as an
ICT or DCT are shown in red and green, respectively.

FIGURE 4. Pre-steady state kinetics of correct single nucleotide incorporation of EFAA-TP and dATP by HIV-1 RT. Preincubated HIV-1 RT (50 nm) and
Ty31/Pars (A) of Tyre/Pyrg+5 (50 nm) (B) were mixed by a quench-flow instrument with various concentrations of EFdA-TP or dATP for reaction times varying
between 5 ms and 2 s. The amount of product at different reaction times was fit to the burst equation (Equation 1) to obtain burst phase rates of nucleotide
incorporation. Observed rate constants were then plotted using a hyperbolic equation (Equation 3) to estimate k,,; and Kgnre) (A and B). The sequences of the
T/Ps are shown below the plots, and the calculated constants are shown in C. Error bars represent S.D. of at least two independent experiments.

ditions. Our results show that RT uses EFAA-TP very efficiently
(Fig. 4). Interestingly, we demonstrated that depending on the
sequence of the template the selectivity for EFAA-TP over the
natural dATP substrate ranges from 0.8- to 2.3-fold. Another
independent study using a different T/P showed that the incor-
poration efficiency of EFdA-TP is 2-fold higher than that of
dATP (37). The high incorporation efficiency of EFdA-TP is
mostly the result of the higher binding affinity of EFdA-TP
(lower dissociation constant K;). These results are consistent
with the SPR data that also showed an increased RT binding
affinity for EFdA-TP compared with dATP using another T/P
sequence.

Because EFdA-TP differs from the conventional chain termi-
nators and possesses a 3'-OH group, we examined the possibil-
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ity that there can be additional DNA polymerization events at
the EFdA-MP end of T/Prpys ap- Primer extension experi-
ments showed that when EFdA-TP acts as an ICT there is even-
tually slow full extension of the EFAA-MP-terminated primers
(Fig. 5A). When EFdA-TP acts as a DCT, there is extension of
the EFdA-MP primers by only one nucleotide under these con-
ditions (Fig. 5B) and very little full extension over the course of
hours (not shown). The extension of EFdA-MP-terminated
primers has also been reported by Muftuoglu et al. (37) in the
context of a different sequence and in the presence of higher
dNTP and RT concentrations and is consistent with our find-
ings reported here.

We used pre-steady state kinetics to quantify and compare
the efficiencies of ANTP incorporation in EFdA-MP-termi-
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FIGURE 5. Incorporation of dNTPs into T/Pggga.mp Y HIV-1 RT. A, Ty51/Pg15.eraame (5 NM) was incubated with 20 nm HIV-1 RT, 6 mm MgCl,, 1 um dATP, dCTP,
dGTP, and increasing concentrations of the next correct dNTP (dTTP, 0-50 um). The reactions were terminated after 15 min. B, Ty3,/Pg15+ s-eraampe (5 NM) was
incubated with 20 nm HIV-1 RT, 6 mm MgCl,, 1 um dATP, dCTP, dGTP, and increasing concentrations of the next correct dNTP (dTTP, 0-50 um). The reactions
were terminated after 5 and 30 min. C-E, various Ty3,/Pg15+ s-eraa-mp (5 NM) Where EFAA-MP is incorporated as a mismatch were incubated with 20 nm HIV-1 RT,
6 mmMgCl,, T um dATP, dCTP, dGTP, and increasing concentrations of the next correct dNTP (dTTP, 0-50 um). The reactions were terminated after 5 and 30 min.
The sequences of the T/Ps are shown below the gels, and the lanes are numbered for clarity.

nated primers at ICT (T 431/Pa15 grasap) versus DCT (T g,q/
Pais+s.eraamp) Sites. Consistent with the gel-based results of
Fig. 5, A and B, there was indeed a >400-fold difference in the
extension efficiency of the EFAA-MP-terminated primers when
different T/Ps were used (Table 3). Interestingly, when we sim-
ply changed a single template base from A to C at one posi-
tion before the EFdA-MP incorporation site (Table 3), we
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observed that the kinetics of ANTP incorporation on EFdA-
MP-terminated primers were dramatically changed, show-
ing a shift from a DCT to ICT mechanism. Using a single
different T/P sequence, Muftuoglu et al. (37) recently
showed that RT can incorporate dCTP after EFAA-MP 400
times more efficiently than it does after AMP (~1.5 versus
0.0034 pum ™~ s 1) (38).
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TABLE 3

Pre-steady state kinetic parameters of dTTP incorporation on T/Pgryn mp
by HIV-1RT

Values were determined from three independent experiments. Positions where
EFdA-TP acts as an ICT or DCT are shown in red and green, respectively.

Kot Kaarre (M) kpol Ka.arre Fold difference
e (s'x10%) el x 109
Tas/Parg.erane 1802 38.0+7.3 0.05 1
i 8+0. 0=7. ]
TdZ(x/PdI8+57EFdA—MP
st 76+16 0.35+0.1 22 440
Td26 (SC)/PJIXH’S (5G)-EFdA-MP
O e 4.6+0.1 945+32 0.5 10

TABLE 4

Pre-steady state kinetic parameters of EFAA-TP and dATP match and mis-
match incorporation by HIV-1 RT

Values were determined from three independent experiments. Positions where

EFdA-TP acts as an ICT or DCT are shown in red and green, respectively. The
different templates vary in position X: G, C, or A.

T/P match/mismatch = i” "110.3) IE;;J[;P (HQEII/I;?-;N{B-S)
EFdA-TPIT | 3400£700 12202 2,833
EFdA-TP:1G 23+0.1 08402 2.9
EFdA-TP:1C 8616  85+12 1.0
EFdA-TP:1A | 3.0£0.5 1504 20
Td“ig)T/Pm dATPIT 7200300  2.1+04 3,429
dATP:1G 183£2.0  28.0+45 0.7
dATP:1C 24405 1840.1 13
dATP:1A 18413  660+178 0.03
EFJA-TP:6T | 31002400 07202 4,429
EFdA-TP:6G | 238440  92+24 26
EFA-TP:6C | 244+19  172%0.1 14
EFdA-TP:6A 8413  97+26 0.9
T“‘g‘gﬂ“‘” JATP:6T 9800£400 51:18 1922
dATP:6G 88+ 1.1 28406 3.1
dATP:6C 29+0.1 36407 0.8
dATP:6A 17£05  198+1.9 0.1

EFdA-TP Is Efficiently Incorporated as a Mismatch but with
No Further Extension—The inhibition and incorporation
experiments suggest that EFAA-TP can be used by RT as a sub-
strate for DNA polymerization at levels even better than the
natural dATP substrate. Using pre-steady state kinetics, we
extended this finding by showing that EFdA-TP can be incor-
porated very efficiently not only as a cognate substrate but also
as a mismatched substrate (Table 4). Specifically, EFAA-TP is
incorporated as a mismatch more efficiently against a G than an
A or a C. We also found that the template sequence affects the
misincorporation efficiency in different ways for EFAA-TP and
dATP. Hence, EFAA-MP is misincorporated more efficiently
than dAMP at the P1 sites (ICT mechanism) when the mispair-
ing base is opposite G or A, but not C (Table 4). In contrast, the
misincorporation efficiencies of EFAA-MP and dAMP are sim-
ilar at the P6 site (DCT mechanism) opposite G and C, whereas
EFdA-MP is misincorporated more efficiently than dAMP
opposite A. In addition, we tested the extension of primers ter-
minated with misincorporated EFAA-MP (EFdA-MP opposite
a C, A, or G) and found that there is no dNTP addition even at
higher ANTP concentrations or incubation times (Fig. 5, C, D,
and E) in contrast to the one-nucleotide extension of
T/Prraamp With EFdAA-MP opposite the cognate base T (Fig. 5B).

Delayed Chain Termination Protects EFdA-MP from
Excision—One of the major mechanisms of resistance to NRTIs
is the ATP-based excision of the chain terminator by RT (39,
40). The product of this excision reaction is a tetraphosphate
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(NRTI-MP-ATP) and an unblocked primer that RT can use to
resume DNA synthesis (41). For excision to occur, the
NRTI-MP end of the chain-terminated primer should be posi-
tioned at the N-site (42). Our footprinting data in Fig. 1C estab-
lish that the translocation state, which reflects the position of
RT on DNA, can be affected by the nucleic acid sequence. Spe-
cifically, in the absence of ANTP, T 4,53/P 450 praa is bound by RT
in a pre-translocation mode (Fig. 1C, lane 7, left gel), whereas
T 443/Pas0+5-rraa is bound in a post-translocation mode (Fig.
1C, lane 7, right gel). Importantly, these differences in binding
lead to differences in the mechanism of EFdA inhibition with
immediate chain termination at the site where translocation is
not favored (P1 site of T 45,/P4;5) or delayed chain termination
at the site where translocation is indeed favored (P6 site of T 45,/
P4, Fig. 1, B and C). Because binding in a pre-translocation
mode allows excision to occur (24, 28, 30), we hypothesized that
the post-translocation bound T 456/Py15+ 5 £rasnip-atave Would
be protected from excision. To test this hypothesis, we per-
formed ATP- or PP;-based phosphorolysis experiments to
unblock the following EFAA-MP-terminated template primers:
(@) Ty31/Pais eraase Which binds RT in a pre-translocation
mode and is the product of ICT, and (0) T 456/Pa18-+5FFda-np-dTavp
which binds RT in a post-translocation mode and is the product
of DCT with a dTMP incorporated into the EFdA-MP-termi-
nated primer.

We performed the experiments in the presence of either PP; or
ATP. In the latter case, the excision reaction was coupled with the
reverse DNA polymerization because dNTPs were also added in
the reaction (rescue conditions). When EFdA-TP is inserted opposite
P1 it acts as an ICT (as in Ty3,/Paig praanp O Taas/Pais eraa )
and the nucleic acid is bound in a pre-translocation binding mode
(Fig. 1C). In that case, there is some PP;-based excision of
EFdA-MP from the 3'-end of the primer (Fig. 6A, left panel, lanes
2-8), although even in this case it does not appear to be a signifi-
cant problem because there is facile reincorporation of EFAdA-TP
as we have shown previously (10). In addition, ATP-based rescue
experiments showed that when a high concentration of competing
dATPisincluded in the reaction we can detect rescue of the EFdA-
MP-terminated primers (Fig. 6B, lanes 4—11) that are the ICT
inhibition product, suggesting that when EFdA-MP is incorpo-
rated at an ICT site it is excised even though this phenomenon
does not account for high level excision-based resistance as shown
by our published virological data (11). In contrast, when EFdA-TP
is inserted opposite P6, it acts as a DCT and allows a single incor-
poration event, which in the case of T 456/Py15+ 5.rda-mp-aTamp 1S @
dTMP incorporation opposite P7. Under these conditions of
DCT, there is a compelling suppression of PP;-based and ATP-
based excision as shown in Fig. 6, right panels in A (lanes
10-16) and B (lanes 15-23). Hence, at sites of DCT, EFdA-MP-
terminated primers are protected from excision, providing a
strong advantage for EFdA-TP against excision-based resis-
tance. Furthermore, mismatched primers that have EFdA-MP
at the 3'-end are protected from excision (Fig. 6C, lanes 812,
14—-18, and 20-24).

EFdA-TP and TFV-DP Do Not Always Compete for the Same
Incorporation Sites—Because both EFdA and tenofovir are
adenosine analogs, we wanted to see whether they would com-
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FIGURE 6. PP;- and ATP-dependent unblocking of EFdA-MP-terminated primers. A, purified Ty5,/Py15eraamp OF Taa6/Pars+ s-erda-mp-arme Was incubated
with HIV-1 RT in the presence of 6 mm MgCl, and 150 um PP; at 37 °C. Aliquots were removed, and reactions were stopped at the indicated time points (0-30
min). The excision products are shown in braces. B, purified Ty31/Pg1s-eraa-mp OF Taze/Pais+ 5-eraa-mp-atme Was incubated at 37 °C with HIV-1 RT in the presence
of 10 mm MgCl,, 3.5 mm ATP, and d(d)NTPs (100 um dATP, 0.5 um dTTP, and 10 um ddGTP for Ty3,/Pyiseraame OF 100 um dTTP and 10 um ddCTP for
Ta26/Pars+s-eraamp-arwp)- Aliquots of the reactions were stopped at the indicated time points (0-90 min). C, purified Tz 6x/Pa1s-+5.eraamp (Where X =T, A, C,
or G) was incubated with HIV-1 RT in the presence of 6 mm MgCl, and 150 um PP; at 37 °C. Aliquots were removed, and reactions were stopped at the indicated
time points (0-20 min). The excision products are shown in braces. The lane numbers are shown below each gel.

pete for the same incorporation sites. Surprisingly, when we
used the active forms of the two analogs (EFdA-TP and TFV-
DP) in parallel reactions at concentrations that resulted in
approximately the same amount of primer extension (Fig. 74, 2
versus lane 3), there were some differences in inhibitor incor-
poration as judged by stopping patterns. Specifically, although
both inhibitors appeared to be incorporated opposite Ts (+6,
+8,+10, +17,and +19) (Fig. 7A, lanes 2 and 3), there was a site
that was strongly preferred by EFdA for DCT inhibition (+6
and +7 strong stops with no equivalent stops in the uninhibited
first lane), whereas there was only moderate inhibition by TFV
(weaker stop in the TFV-inhibited third lane). Furthermore, the
+6 stop was weaker than the +10 stop for TFV but not for
EFdA, providing initial evidence that the two adenosine analogs
can have different incorporation efficiencies at different sites
on the template. To further explore this possibility, we included
both TFV-DP and EFdA-TP in the same reaction and in varying

24544 JOURNAL OF BIOLOGICAL CHEMISTRY

ratios using a shorter T3, ;¢)/P 4,5 that allowed us to better
resolve and monitor the EFAA-MP-terminated versus the TFV-
terminated products. In each of the eight panels of Fig. 7B, we
used increasing amounts of EFdA-TP in the presence of con-
stant amounts of TFV-DP. Conveniently, we can follow incor-
poration of EFAA-MP and TFV in the same gels: hence, at the
P1 site, the EFdA-MP-terminated primers (P4 g praa-np)
migrate slightly slower than the corresponding TFV-termi-
nated primers (P, 5 trv) (Fig. 7B, red boxes). At the P6 site, we
can compare TFV-based inhibition (P 5.5 1r,) Wwith the
EFdA-based inhibition (P55 rraa-mp-arae at P7). We found
that EFdA can compete with an excess of TFV more efficiently
at the P6 versus at the P1 site: for example, in the presence of an
excess of TFV (Fig. 7B, TFV = 1,000 nm), ~50% of chain termi-
nation at P6 is caused by ~31 nm EFdA (Fig. 7B, blue box), but
the same ~50% chain termination at P1 is caused by ~500 nm
EFdA (Fig. 7B, red box). Similar results can be seen at other
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FIGURE 7.EFdA-TP and TFV-DP have a different stopping pattern and do not always compete for the same incorporation sites. A, using along template,
T4100- We investigated the stopping pattern of EFAA-TP and TFV-DP. At some positions, both analogs appear to have similar incorporation efficiency (same
intensity of bands). However, at position +6, EFAA-MP is incorporated more efficiently than TFV, or TFV is not incorporated at all (+7; DCT site). The sequence
of template is shown next to the gels. B, Ty3;7¢)/Pa1s (20 nM) was incubated with 20 nm RT for 15 min in the presence of 1 um dNTPs, 6 mm MgCl,, and various
concentrations of EFAA-TP and TFV-DP. The sites where the inhibitors act as ICT or DCT are shown in red and green, respectively. In red boxes, we highlight some
examples of ICT where both analogs are equally incorporated. In the blue box, we highlight the ICT and DCT sites at P6 and P7, respectively, where TFV and

EFdA-MP, respectively, are equally incorporated.

TFEV concentrations in Fig. 7B. Collectively, these data sug-
gest that EFAA-TP and TFV-DP have different inhibition site
specificities.

DISCUSSION

NRTIs were the first drugs used for the treatment of HIV
infection and have always been part of first line antiretroviral
therapies (1-8). All approved anti-HIV nucleoside analogs
block RT-catalyzed DNA synthesis due to the lack of a 3'-OH
group, which is necessary for DNA polymerization. Previously,
we have shown that a series of 4'-substituted analogs with a
3'-OH possess anti-HIV activity (9—-11). EFdA is the most
potent of this series and, to our knowledge, the most potent
NRTI with subnanomolar EC;, both in T-cells and peripheral
blood mononuclear cells (10, 11, 16). The strong potency of
EFdA is the result of its unique mechanism of action as well as
its resistance to degradation by adenosine deaminase (15). Pre-
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viously, we have reported that the inability of EFdA-MP-termi-
nated primers to translocate from the N- to the P-site of HIV-1
RT causes inhibition of DNA polymerization (10). Here we
demonstrate that EFdA inhibits RT with multiple mechanisms,
which depend on the sequence of the nucleic acid substrate
(Figs. 8 and 9).

There is a small number of reports on the effect of T/P
sequence on RT inhibition by NRTIs. Scott and co-workers (43)
reported that the primer terminus and adjacent upstream base
pairs interact with HIV-1 RT in a sequence-dependent manner
that affects the unblocking of NRTI-terminated primers. In
addition, Hughes and co-workers (44) published that there is a
difference in the extent of delayed chain termination by

-methyl dNTP analogs depending on the nucleic acid
sequence. We report here that, depending on the T/P sequence,
EFdA-TP can block RT either as a de facto ICT or as a DCT
(Figs. 1,2, 7, 8,and 9). Although EFdA-TP can inhibit RT both
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as an ICT and a DCT, it appears that it predominantly inhibits
at the point of incorporation (four of five sites in Fig. 7A), caus-
ing immediate chain termination and preventing enzyme trans-
location (Figs. 1, 8, and 9), thus acting as a translocation-defec-
tive RT inhibitor (10). Nonetheless, we have identified sites at
various template sequences where EFdA-TP can also act as a
DCT; it does not block enzyme translocation, allowing the
incorporation of one additional ANTP before DNA synthesis is
terminated.

What factors may lead to the differences in the mechanism of
EFdA inhibition at the P1 (ICT) and P6-P7 (ICT and DCT)
sites? We initially examined the effect of inhibitor incorpora-
tion efficiency as we anticipated that at sites of efficient
EFdA-MP incorporation the EFdA-MP-terminated primer
products (T/Prpga_np) Would be less likely to translocate, lead-
ing to immediate chain termination. Surprisingly, although
EFdA-MP is better incorporated at the P6 site (Fig. 4), the foot-
printing experiments showed increased translocation at P6 (Fig.
1C), allowing more access to the ANTP-binding site and incorpo-
ration of the next complementary nucleotide (T/Prrqa np-anmvip)-
Further polymerization may be inhibited by unfavorable interac-
tions between the 4 -ethynyl of T/Prrya vp-arnie @0d RT residues
of the DNA-binding cleft.

We subsequently examined the effect of T/P sequence on the
inhibition mechanism of EFdA. Our data definitively showed
that a change of a single nucleotide can be sufficient to alter the
inhibition mechanism from ICT to DCT (Fig. 24, Ty3;5¢)/Pais
versus T 431 54)/Pa1s), although in some cases, it does not have

ICT
RT-T/Pgpyamp

DCT

RT-T/Pgrgp-mp-anmp
Q 5" q= ‘.
. w
Post P A Post Pf\,o/ N
3
Pre “2A  Pre &.—:@:/:
N N
& l:l\g ‘:’Q/X

=

FIGURE 8. Schematic representation of EFdA-MP-containing complexes.
EFdA acts as an ICT by occupying the N-site of RT, whereas it occupies the
P-site of RT when it acts as a DCT. In this case, the N-site is free for the next
incoming dNMP to be incorporated.

an effect (Fig. 2B, Tg34ast)/Pars versus Tysiucsty/Pais)-
Hence, we conclude that the T/P sequence is a major factor that
can determine the inhibition mechanism of EFdA. Ongoing
structural studies are designed to determine the molecular
basis for this specificity.

The ability of EFdA to inhibit RT with multiple mechanisms
may have implications for current anti-HIV therapies. We recently
showed that the combination of EFdA and TFV had an effect on
the inhibition of HIV replication in cell culture (16). This was an
unexpected finding as both NRTIs are analogs of dA. A partial
explanation is provided in the present study where we show exam-
ples of template sites where TFV is not incorporated efficiently
(Fig. 7A, lane 3, faint band at template position +6), whereas
EFdA-MP very efficiently blocked RT with both ICT and DCT
mechanisms (Fig. 74, lane 2, strong bands at template positions
+6 and +7). Differences in the mechanism of activation to their
respective active forms may partially be responsible for the lack of
competition between EFdA and TFV (16).

Although T/Pgpqa_mp is generally ideally located to undergo
phosphorolytic excision, with EFdA-MP positioned at the
N-site (Fig. 8) (24, 30, 39), excision-based resistance is not a
major pathway for resistance to EFdA (11).° This is likely
because of the apparently high reincorporation efficiency of the
newly excised EFAA-TP. Furthermore, as shown in Fig. 6, when
EFdA-MP is incorporated as a DCT, T/Prrya_mp-armp 1S Pro-
tected from excision, resulting in decreased drug resistance by
the excision mechanism. Moreover, we did not observe exci-
sion of EFdA-MP-terminated primers in positions where
EFdA-MP is incorporated as a mismatch (Fig. 6C). These data
are consistent with our earlier cell-based data demonstrating
that EFdA maintains its potency against HIV strains that carry
excision-based zidovudine resistance mutations (11).

There are two nucleos(t)ide analog drugs that retain a 3'-OH
and have been approved for the treatment of viral infections:
entecavir, which is the most potent anti-hepatitis B virus nucle-
oside analog drug (45, 46), and sofosbuvir, which is a recently
approved anti-hepatitis C virus nucleotide analog drug (47, 48).
So far, there are no NRTIs with a 3'-OH group that are
approved for the treatment of HIV infections. EFdA could be
paired with approved anti-HIV drugs, leading to synergistic and

® B. Marchand, X. Tu, K. Kirby, E. Michailidis, O. Ihenacho, E. Kodama, H. Mit-
suya, M. Parniak, and S. Sarafianos, unpublished data.
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additive effects as shown in cell-based assays, and it also sup-
pressed viral loads in macaques to undetectable levels within a
week of treatment and without any signs of toxicity (9, 11, 16,
17, 44). Its ability to inhibit RT by multiple mechanisms imparts
excellent antiviral activity (11) and may contribute to its favor-
able resistance profile (49), thus rendering it a potentially
promising new generation NRTL
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